Treatment of chicken embryo fibroblasts (CEFs) with trypsin results in a dose-and time-dependent loss of phosphotyrosine from cellular proteins. A similar, but less marked, reduction in protein tyrosine phosphorylation occurs upon incubation of CEFs in phosphate-buffered saline (PBS altered by conditions that perturb cell-substrate adhesion.
lowing treatment with trysin or PBS, as determined by immunoblotting of cell extracts with anti-phosphotyrosine antibodies, corresponds with a oss of phosphotyrosine antibody immunoreactivity at focal contacts, as detected by immunofluorescence microscopy. The recovery of phosphotyrosine in cellular proteins occurs within 30 min following removal of Ypsin, even in the presence of the protein synthesis inhibitor cycloheximide, indicating that the loss of phosphotyrosinecontaining proteins is not due to their degradation by trpsin. Pretreatment of CEFs with inhibitors of protein-tyrosinephosphatases greatiy reduces the loss of phosphotyrosine from proteins brought about by tpsin. In addition, phosphotyrosine phosphatase activity is increased in extracts prepared from trypsin-treated CEFs. The loss of phosphotyrosine from proteins following treatment with trypsin or PBS is not speific to CEFs but is also observed in established fibroblast lines.
Taken together these results suggest that the activity of one or more phosphotyrosine phosphatases is regulated by cellsubstrate adhesion.
When cultured cells are labeled with antibodies to phosphotyrosine the majority of the detectable staining is found in focal contacts (1) . Focal contacts are discrete, plaque-like regions on the periphery of the ventral cell surface where the cell most closely approaches the substratum and are the sites of strongest cell-substrate adhesion. Inside the cell, the focal contacts are the sites where microfilament bundles terminate at the plasma membrane. Many of the characteristics offocal contacts suggest that they are structurally and functionally equivalent to the adhesions made by cells with the extracellular matrix in vivo (for reviews, see refs. [2] [3] [4] [5] . In cells transformed by Rous sarcoma virus the increased tyrosine phosphorylation offocal contact proteins has been implicated in the decreased adhesivity and changes in cellular morphology typical of tumor cells (for review, see ref. 6 ). In normal cells, several focal contact proteins, including ,(1 integrin (7), paxillin (8) , and tensin (9) , contain phosphotyrosine. In addition, the tyrosine kinase pp125FAK localizes to focal contacts (10) (11) (12) (13) and is phosphorylated in response to cellsubstrate adhesion (11) (12) (13) (14) , integrin clustering (13, 15) , and the binding of neuropeptides (16) . Since tyrosine phosphorylation of focal contact proteins probably plays a critical role in regulating cell adhesivity, motility, and shape in both normal and transformed cells, mechanisms for regulating tyrosine phosphorylation ofproteins in the focal contact must exist. For instance, the activities of tyrosine kinases and phosphotyrosine phosphatases in focal contacts should be The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
altered by conditions that perturb cell-substrate adhesion.
The tyrosine kinase pp125FAK is activated by cell-substrate adhesion (14) and integrin clustering (15) , and an increase in protein tyrosine phosphorylation has been observed in freshly plated cells (12, 13, 17) . Furthermore, the tyrosine kinase inhibitor herbimycin A inhibits not only protein tyrosine phosphorylation but also cell spreading and the formation of focal contacts when cells are plated onto fibronectincoated surfaces (12) . The effect of cell-substrate adhesion on protein-tyrosine-phosphatase activity is not known. However, some phosphotyrosine phosphatases have extracellular domains resembling those of cell adhesion molecules (for reviews, see ref. [18] [19] [20] , suggesting that the activity of these enzymes could be regulated by cell-substrate adhesion. This paper reports that conditions which lead to decreased cellsubstrate adhesion result in an activation ofphosphotyrosine phosphatases and a loss of phosphotyrosine from focal contact proteins. Proc. Natl. Acad. Sci. USA 90 (1993) 0.5% Triton X-100. Permeabilized cells were treated with rabbit anti-phosphotyrosine antibodies (3 p,g/ml) in PBS for 30 min, rinsed in PBS, labeled with a mixture of rhodamineconjugated affinity-purified F(ab)2 fragment of goat antirabbit IgG (8 pg/ml) and nitrobenzoxadiazole-phallacidin (20 units/ml) in PBS for 10 min, and mounted in 90% glycerol.
MATERIALS AND METHODS
Protein-Tyrosine-Phosphatase Activity. Cells (two 100-mm dishes per condition) were untreated or treated for 10 min at 37°C with trypsin (0.1 mg/ml). The trypsinized cells were washed twice with PBS containing soybean trypsin inhibitor (1 mg/ml) and once with PBS, whereas the untreated cells were scraped into PBS containing divalent cations and collected by centrifugation. Both untreated and treated cells were resuspended in 0.5 ml of hypotonic buffer (1 mM NaHCO3 containing 5 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, aprotinin at 2 ,ug/ml, and 10 ,uM leupeptin) and homogenized briefly. The nuclei and unbroken cells were pelleted at 1000 x g for 15 min at 4°C and the postnuclear supematants were separated into soluble and particulate fractions by centrifugation at 100,000 x g for 1 hr at 4°C. The pellets were resuspended in 0.5 ml of hypotonic buffer and all samples were stored at -70°C. Equal amounts of protein from each sample were assayed in duplicate for protein-tyrosine-phosphatase activity by the charcoal binding assay as described by Streuli et al. (22) , except that the assay buffer contained 25 mM imidazole/HCl (pH 7.2) and 0.1% 2-mercaptoethanol (23) and the reaction was carried out for 10 min at 30°C. <-32P-labeled Raytide (Oncogene Science) was prepared as described (22) and used as the substrate. Protein concentrations were determined by the bicinchoninic acid (BCA) assay (Pierce) and the phosphatase activity is expressed in pmol per min per mg of protein. Similar results were obtained with four separate cell preparations.
To test the direct effect of phenylarsine oxide (PAO) on phosphotyrosine phosphatase activity, cell extracts were pretreated for 10 min at room temperature with increasing concentrations of PAO prior to assay for phosphotyrosine phosphatase activity as described above.
RESULTS
During characterization of the effect of treatments which disrupt cell-substrate adhesion on protein tyrosine phosphorylation, it was found that mild trypsin treatment produced a loss of most cellular phosphotyrosine-containing proteins in CEFs. As shown in Fig. 1A , untreated CEFs have five major protein bands of 130, 120, 110, 68, and 55 kDa which are labeled with anti-phosphotyrosine antibodies. Treatment of cells with concentrations of trypsin in PBS ranging from 0.001 to 1.0 mg/ml produced a progressive loss of phosphotyrosine from all these protein bands. The phosphotyrosine in the 120-, 110-, and 68-kDa protein bands was the most sensitive to trypsin, the 130-kDa protein band showed intermediate sensitivity, and the 55-kDa protein band was the most resistant. At the higher trypsin concentrations tested all the phosphotyrosine in all these bands was lost within 2 min. Treatment with PBS alone for 10 min also resulted in a significant loss of phosphotyrosine from the bands (Fig. 1) . All of the treatments which reduced phosphotyrosine in the protein bands also reduced cell-substrate adhesion to varying degrees as determined by the change in cellular morphology and the loss of cells from the substratum (data not shown). To determine the effect of these treatments on the intracellular distribution of phosphotyrosine-containing proteins, brieftreatments with low trypsin concentrations were used to decrease, but not completely disrupt, cell-substrate adhesion. Untreated cells showed strong anti-phosphotyrosine antibody staining at focal contacts and well-developed microfilament bundles or stress fibers (Fig. 2 a and b) . Treatment with trypsin resulted in a complete loss of phosphotyrosine from the focal contacts ofmost ofthe cells (Fig. 2 d and  j) . In the majority of the cells, this correlated with a loss of stress fibers (Fig. 2c) as well. In some cells, however, the stress fibers were still present (Fig. 2e) , suggesting that the loss of phosphotyrosine from focal contact proteins preceded the loss of stress fibers. Thus, the loss of phosphotyrosine, as detected by immunoblotting of cell extracts with antiphosphotyrosine antibodies, corresponds with a loss ofphosphotyrosine antibody immunoreactivity at focal contacts, as detected by immunofluorescence staining. This correspondence strongly suggests that at least some of the phosphotyrosine-containing proteins detected on immunoblots of untreated cells are localized to focal contacts.
The loss of phosphotyrosine following treatment of cells with trypsin could be the result of the trypsin treatment proteolyzing the phosphotyrosine-containing proteins. However, this seemed an unlikely explanation since very low doses of trypsin, and even PBS alone, were effective at reducing detectable protein tyrosine phosphorylation. To determine more directly the role, if any, of direct proteolysis in the loss of phosphotyrosine-containing proteins, CEFs were untreated or pretreated for 30 min with cycloheximide, treated for 10 min with trypsin at 0.1 mg/ml, and then allowed to recover for 30 or 60 min in the absence or presence of cycloheximide at 50 pug/ml. This concentration of cycloheximide inhibits protein synthesis by at least 98% (data not shown). The presence of cycloheximide had no effect on the recovery of the phosphotyrosine-containing bands (Fig. 3) . Reappearance of phosphotyrosine in all the protein bands was observed when the cells were allowed to recover under conditions where they could adhere. If the cells recovered in suspension culture, no phosphotyrosine was detected in either the 68-or the 120-kDa band (Fig. 3) .
These data could be explained by either a decrease in protein tyrosine kinase activity or an increase in phosphotyrosine phosphatase activity. However, treatment of cells with genistein (24, 25 ), a general inhibitor of both receptor Proc. Natl. Acad. Sci. USA 90 (1993) 11179 shown). The possibility that mild disruption of cell-substrate adhesions can induce phosphotyrosine phosphatase activity was explored in two separate sets of experiments. In the first set, cells were pretreated with three different phosphotyrosine phosphatase inhibitors prior to the treatment with trypsin to determine whether this could reduce or block the loss of phosphotyrosine from the protein bands. As shown in Fig. 4 , treatment with the phosphotyrosine phosphatase inhibitor PAO (26, 27) significantly reduced the decrease in the phosphotyrosine-containing bands and also completely prevented the cells from rounding up in the presence of trypsin (Fig. 4D) and the loss of stress fibers (Fig. 2 g and h) . and nonreceptor protein-tyrosine kinases, had no ) cations (data not shown). Although PAO has been reported to also reduce oxidative phosphorylation (28) and inhibit endocytosis (29) , neither inhibitors of oxidative phosphorylation (e.g., sodium azide) nor low temperature, which blocks endocytosis, prevented the decrease in protein tyrosine phosphorylation or the rounding up of cells observed in the presence of trypsin. Sodium orthovanadate alone did not decrease the loss ofphosphotyrosine from cellular proteins or prevent the cell rounding observed following treatment with trypsin. Sodium orthovanadate in the presence of 1 mM hydrogen peroxide (30, 31) prevented most of the decrease in protein tyrosine phosphorylation brought about by treatment with trypsin but did not prevent cell rounding.
To provide further support for activation of phosphotyrosine phosphatase activity by disruption of cell-substrate adhesions, untreated and trypsin-treated cells were separated by centrifugation into soluble and particulate fractions and both fractions were assayed for phosphotyrosine phosphatase activity. Both the supernatant and particulate fractions from trypsin-treated cells showed a 2-to 3-fold increase in phosphotyrosine phosphatase activity relative to untreated cells (Fig. 5A ). This increase was blocked completely by pretreatment of the cells with PAO (Fig. 5A) . Furthermore, about 40% of the phosphotyrosine phosphatase activity in the extracts from trypsin-treated cells could be directly inhibited by PAO (Fig. SB) . Maximal inhibition was seen at 50 ,AM PAO and higher concentrations did not produce further inhibition. PAO had no effect on the phosphotyrosine phosphatase activity in the extracts from control cells. Sodium orthovanadate (1 mM) completely inhibited the in vitro phosphotyrosine phosphatase activity in both the control and trypsintreated extracts.
DISCUSSION
The above data indicate that conditions which even partially disrupt cell-substrate adhesion bring about a loss of phosphotyrosine in cultured cells. The loss of phosphotyrosine, as detected by immunoblotting of cell extracts with antiphosphotyrosine antibodies, corresponds with a loss of phosphotyrosine antibody immunoreactivity at focal contacts, as detected by immunofluorescence staining with antiphosphotyrosine antibodies. This correspondence suggests that the phosphotyrosine-containing proteins detected on immunoblots of untreated cells are localized to focal contacts. The loss of phosphotyrosine from the focal contact proteins is correlated with the disruption of microfilament bundles and alterations in cellular morphology. That there is a causal relationship between the loss ofphosphotyrosine and the alteration of cellular morphology is supported by the results with the phosphotyrosine phosphatase inhibitor PAO. Cells treated with trypsin in the presence of PAO do not show a decrease in phosphotyrosine relative to their untreated counterparts (Fig. 4A ) and retain their stress fibers (Fig. 2 g  and h) and their normal flat morphology (Fig. 4C ), even after they detach from the culture dish (data not shown). Although cells treated with sodium orthovanadate in the presence of 1 mM hydrogen peroxide do not show a decrease in phosphotyrosine when treated with trypsin, their morphology is disrupted. This is probably due to the hyperphosphorylation of focal contact proteins brought about by the complete inhibition of cellular phosphotyrosine phosphatases by this combination of agents (30, 31) .
The loss of phosphotyrosine from focal contact proteins is not due to direct proteolysis but rather to activation of phosphotyrosine phosphatase activity brought about by the disruption of cell-substrate adhesion (Fig. 5) . Several types of phosphotyrosine phosphatases have been described (for reviews, see refs. [18] [19] [20] . Those which are specifically inhibited by PAO are membrane-associated (27) The different phosphotyrosine-containing protein bands observed in untreated CEFs are not affected by the loss of cell-substrate adhesion to the same extent. The presence of phosphotyrosine in the 120-kDa band appears to be critically dependent on cell-substrate adhesion (Fig. 3) . The phosphotyrosine in this band is the most sensitive to trypsin and is not recovered in the absence of adhesion. This tyrosinephosphorylated protein may be identical to the 120-kDa protein in Swiss 3T3 fibroblasts whose phosphorylation was substrate-dependent (12, 13, 17) .
When the data presented in this paper are considered together with data obtained from a number of other laboratories (e.g., refs. 6, 30, and 31), as well as our previous work (refs. 1 and 32), on the relationship between protein tyrosine phosphorylation and cell-substrate adhesion, they suggest that an intermediate level of phosphotyrosine may be critical in maintaining cell-substrate adhesions. Both too much phosphotyrosine (e.g., Rous sarcoma virus-transformed cells; refs. 33 and 34) and too little phosphotyrosine can give rise to a disruption of focal contacts. Therefore, tyrosine phosphorylation of focal contact proteins in normal cells appears to be tightly regulated by both tyrosine kinases and phosphotyrosine phosphatases. It is shown here that phosphotyrosine phosphatases are activated when cell-substrate adhesion is disrupted. Cells which are stimulated to migrate are known to increase their synthesis of plasminogen activator and other proteases (35) , and a plasminogen activator receptor localizes to focal contacts (36) . The action of these proteases in vivo may mimic the effects of trypsin in vitro, activating phosphotyrosine phosphatases. The subsequent loss of phosphotyrosine from focal contact proteins will give rise to a disruption of focal contacts and loss of adhesion to the substratum, thereby promoting cell motility.
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